Radiative proton capture on ^He 
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Radiative capture of protons is investigated as a probe of 
clustering in nuclei far from stability. The first such mea- 
surement on a halo nucleus is reported here for the reaction 
®He(p,7) at 40 MeV. Capture into ^Li is observed as the 
strongest channel. In addition, events have been recorded 
that may be described by quasi-free capture on a halo neu- 
tron, the a core and ^He. The possibility of describing such 
events by capture into the continuum of ^Li is also discussed. 

PACS number(s): 25.4Q.Lw, 25.lQ.-fs, 21.45. -fv 



In the vicinity of the neutron drip-line, the weak bind- 
ing of valence neutrons may lead to the formation of spa- 
tially extended nuclei . The most exotic of these are 
the core-n-n halo systems, ^He, ^^Li and ^''Be, which 
exhibit Borromean characteristics whereby the two-body 
subsystems are unbound |^ . Owing to the large cross sec- 
tions, of the order of barns, dissociation reactions have 
been the most widely exploited method to study the in- 
ternal correlations S-H]. The task, however, in such an 
approach is complicated by the interplay of the reaction 
mechanism and final-state interactions (FSI) with the in- 
trinsic structure 1^ . The possibility of using the interfer- 
ence between 2n transfer and elastic scattering with ^He 
has also been considered . 

Recently, an investigation of coherent bremsstrahlung 
production in the reaction a(p,7) at 50 MeV has demon- 
strated that the high-energy photon spectrum is dom- 
inated by capture to form ^Li Such results have 
motivated the extension of this technique to study ^He. 
Given a proton wavelength of A = 0.7 fm at 40 MeV, it 
may be possible to observe direct capture, as a quasi-free 
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process, on the constituents of ^He in addition to cap- 
ture into ^Li. Moreover, the different quasi-free capture 
(QFC) processes would lead to different in the range 
20-40 MeV. In this Letter the first experimental results 
for capture on a halo nucleus are reported. Evidence for 
QFC on ''^^Hc and n is presented; capture, however, on a 
di- neutron docs not appear to occur. These observations 
suggest that radiative capture may provide a new probe 
for the study of clustering in the ground state (g.s.) of 
nuclei far from stability. 

The ^He beam (5x10^ pps, AE/E ~ 1%) was pro- 
duced by fragmentation of a ^"^C primary beam us- 
ing the GANIL coupled cyclotron facility, and bom- 
barded a solid Hydrogen target ||l^ with a thickness of 
95 mg/cm^; the mean beam energy at the target mid- 
point was 40 MeV/N. The different charged reaction 
products emitted in the forward direction (±2°) were 
identified, and momentum analysed, using the SPEG 
spectrometer which covered a rigidity range of 1.45- 
1.85 Tm in three overlapping settings. The photons were 
detected in coincidence with the charged fragments using 
the "Chateau de Cristal" array, with the 74 BaF2 crys- 
tals placed around the target at a distance of 30 cm in 
two domes |l2|, the total efficiency being close to 70%. 
The energy calibration, in the range 1-100 MeV, was de- 
termined from the energy deposited by cosmic-ray muons 
p3[ and the 4.43 MeV 7-rays from an Am-Be source. The 
energy and angle of the photons were reconstructed using 
a clustering algorithm p3| , p^ , with average energy and 
angular resolutions of 17%and 10°, respectively. The 
event trigger required an energy deposition of at least 
3 MeV in one crystal in coincidence with a fragment in 
SPEG. Owing to the compact geometry of the Chateau 
and the energy spread in the beam (At 6 ns at the 
target position), event-by-event 7-n discrimination was 
not possible. However, for each class of events the mean 
flight time between the BaF2 crystals and the acceler- 
ator RF signal (iBap) could be determined. A Monte- 
Carlo simulation was developed, in which the response 
of the Chateau and the conversion of photons in the tar- 
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get frame were simulated using GEANT [|5|; the char- 
acteristics of the secondary beam and the spectrometer 
acceptances were also included M . 
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FIG. 1. Energy (a) and angular distributions (b) in the 
^He+p c.m. for photons in coincidence with ^Li. The solid 
line in (a) is the response of the Chateau to E-^ = 42 MeV. 
The lines in (b) correspond to a classical electrodynamics 
calculation (dotted), a microscopic cluster model (dashed), 
both normalized to the data, and to a Legendre polynomial 
fit (solid). 

Turning to the experimental observations, the capture 
reaction ^He(p,7)''Li is unambiguously identified by the 
7-rays in coincidence with "^Li (Fig. |l|). In particular, the 
photon energy spectrum, as well as the ^Li momentum 
p3[ , is well described assuming a 7-ray line at 42 MeV 
and is free of background at higher energies. The two 
particle-stable states of ^Li, the g.s. and the first excited 
state at 0.48 MeV, were too close together in energy to be 
distinguished in this experiment. In addition, the lowest 
threshold on any of the BaF2 crystals, 1 MeV, prevented 
observation of the 0.48 MeV 7-ray. The photon angu- 
lar distribution (Fig. ^3) is slightly backward peaked, as 
expected from classical electrodynamics p6[ | due to the 
charge asymmetry of the entrance channel. A fit with a 
Legendre polynomial [|l^ leads to 0^=14 = —0.57 ±0.10, 
-0.28±0.13, 0.37±0.10, -0.21 ±0.12,' respectively. The 
total efficiency for the detection of ^Li-7 coincidences was 
estimated to be 37 ± 2 %, and the deduced cross section 
was (T = 35 ± 2 //b. As only photons are liberated in this 
reaction, the measured time spectrum served as a refer- 
ence, (i-y), for other channels in which neutrons were also 
emitted. 

The ^He(p,7)^Li cross section has been calculated us- 
ing a microscopic cluster model [Q. The ^Li and ^He+p 
wave functions were defined by antisymmetric products 
of cluster wave functions, including ^He±p, ^Li±n and 
a+t structures. Excited states of ^He and ^Li were in- 
cluded in the basis. The Minnesota interaction was used 
to specify the N-N force , with an exchange parameter 
u = 0.935 and a zero-range spin-orbit force with ampli- 
tude 5*0 = 38 MeVfm^. This model provides a good de- 
scription of the cross sections at low energy for t(a,7)^Li, 
''Li(p,7) ''Be and '5Li(p,a)^He. At 40 MeV, a cross section 



for ^He(p,7)''Li of cr = 59 /zb is calculated, with 15 /xb 
going to the g.s. and 44 yh to the first excited state. At 
high energy, the microscopic model is expected to provide 
an upper limit to the cross section as some open channels, 
such as three-body ones, are not included. The relative 
population a^Ail^^.s. = 2.9 should, however, be more 
reliable. The calculation was restricted to the dominant 
El multipolarity, thus leading to an angular distribution 
symmetric about 90° (Fig. |^). The cross section to the 
g.s. can be obtained from photodisintegration |^ via de- 
tailed balance considerations and is 9.6 ± 0.4 /ib. Given 
the predicted relative populations of the ground and first 
excited state, a total capture cross section of ct 38 /ib 
is obtained, in agreement with the value measured here. 

QFC has been investigated by searching for 7-rays in 
coincidence with fragments lighter than ^Li. The corre- 
sponding energy spectra (Fig. ^,c,e) do indeed exhibit 
peaks below 42 MeV. In order to establish the origin 
of these fragment-7 coincidences, QFC processes on the 
subsystems of ^He have been modelled as follows. The 
^He projectile is considered as a cluster {A) plus spec- 
tator (a) system in which each component has an in- 
trinsic momentum distribution, the corresponding energy 
Ea + Ea — being taken into account in the to- 

tal available energy. The reaction may be denoted as 
a+^(p,7)-B±a, and the 7-ray angular distribution is as- 
sumed to be that given by the charge asymmetry of the 
entrance channel (^+p) fig ]. The intrinsic momentum 
distribution of all the clusters was taken to be Gaussian 
in form with FWHM = 80 MeV/c [|3|; the resolution in 
the measured photon energy is such that the results are 
relatively insensitive to the exact value. 

In order to explore the possibility that FSI may oc- 
cur in the exit channel between the spectator, a, and the 
capture fragment, B, an extended version of the QFC cal- 
culation was developed. Here the energy available in the 
system B+a is treated as an excitation in the contimmm 
of ^Li, which is allowed to decay in flight. 

In the case of ^Li-7 coincidences, two lines were ob- 
served (Fig. I^a) at 30 and 3.5 MeV. These are clearly 
associated with the formation of ^Li and the decay of 
the second excited state, at 3.56 MeV Taking into 
account the detection efficiencies, we find that the ^Li 
is formed almost exclusively (96l24%) in the 3.56 MeV 
excited state. The estimated cross section was cr = 
3.5 ± 1.3 fih. The lines in Fig. ^,b represent the results 
of QFC on ^He into 6Li*(3.56 MeV). The 7-ray energy 
spectrum is well described, while reproducing the ^Li mo- 
mentum distribution requires inclusion of ®Li-n FSI as 
described above. The QFC with fragment FSI approach 
is thus the one employed in the following discussions. 

The apparently exclusive population of the ^Li*(3.56 
MeV) indicates the importance of this state as the T = 1 
analogue of ^Hcg.s.. It has been shown that the configu- 
ration of the 3.56 MeV state is likely to be "a spatially 
extended halolike structure formed by the neutron and 
proton outside the a particle" |2^, possibly even more 
extended than ^He. In terms of the QFC process the 
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population of this state is greatly favoured owing to the 
overlap of the initial and final wave functions. In the 
case of capture on ^He into the ^Li continuum, the re- 
action can proceed via the T ~ 3/2 state at 11.24 MeV 
PH (the T> state of ^Lig.s.), which can only decay by 
neutron emission to a T = 1 state in ^Li. Note, however, 
that the 11.24 MeV state in ^Li can also be formed in the 
exit channel following QFC on ^He, as the distribution 
of ^Li-n relative energy (Fig. ^) is centered at ^ 12 MeV. 
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FIG. 2. 7-ray energy spectrum in the ^He+p cm. and mo- 
mentum distribution of the coincident fragment for ^Li (up- 
per), a particles (middle) and deuterons (lower panels). The 
lines correspond to calculations of QFC on the ^He cluster, 
the a core and one halo neutron, respectively, on the right 
with/without (solid/dashed) fragment FSI (see text). The 
distribution in (a) was divided by 3 below 10 MeV, and the 
open symbols in (c) are from an analysis investigating the role 
of the neutron background (see text). 

We have also searched for evidence of QFC on the a 
core, whereby the two halo neutrons would behave as 
spectators. The photon spectrum should resemble that 
observed for the a-l-p reaction ||]. Indeed such a 7-ray 
energy spectrum (Fig. |^) has been observed in coinci- 
dence with a particles. The background, however, arising 
from ^He breakup, in which the a particle is detected in 
SPEC and the halo neutrons interact with the forward- 
angle detectors of the Chateau, is significant. In order 
to minimise this background, only the backward-angle 



detectors {0 > 110°) of the Chateau have been used in 
the analysis. The 7-ray spectrum under this condition 
exhibits two components: a peak at E.y — 27 MeV and a 
l/£^7 continuum similar to coherent a+p bremsstrahlung 



Simulations indicate, however, that some back- 
scattered neutrons remain from breakup ((ieap) ~ (t-y) — 
0.8 ± 0.1 ns), which would also lead to a continuous 
component with a 1/E type spectrum in the Chateau 
|]l3| . This would explain why the peak-to-continuum ra- 
tio is smaller here than that found in Ref. Therefore, 
we have added a single background component with a 
1/E form (dotted fine in Fig. ||c) to the QFC process 
Q!(p,7)'^Li. The photon energy spectrum is thus well de- 
scribed, as is the momentum distribution of the a parti- 
cle. The cross section is estimated to be cr = 4 ± 1 /ib. 
Additional support may be found in Q;-7-n coincidences, 
for which some 30 events are observed. Here, the neu- 
tron was associated with events in the forward-angle de- 
tectors {9 < 60°, (tBap) — (^7) — 5±4 ns) and the photon 
with events observed in coincidence at backward angles 
(61 > 110°, (tBap) - (^7) = 1-6 ± 1.4 ns). The resulting 
spectra exhibit the 1 /E form for neutrons (open squares) 
and, more importantly, a higher peak-to-continuum sig- 
nal at 27 MeV for the photons (open circles) which is 
closer to that measured previously for the a(p,7)^Li re- 
action 1^. 

Finally, d-7 coincidences presenting a peak in the 7- 
ray energy spectrum, at E^ = 20-22 MeV, were also ob- 
served (Fig. ||e). For this channel the analysis was also 
restricted to the backward-angle detectors {6 > 110°) 
of the Chateau. The relatively low statistics arise from 
the limited acceptances of the spectrometer for deuterons 
(Fig. ||f). We have verified with an empty-target run that 
no background events are present in the energy range 
in question, and that the events observed correspond to 
photons ((<Bap) — (^7) = 0.0 ± 0.3 ns). The predictions 
for n(p,7)d QFC on one halo neutron present a peak at 
19 MeV (Fig. |f). The small shift may be attributable to 
the strong kinematic correlation between the deuteron 
momentum and the photon energy, as the detection of 
a very small fraction of the deuterons (depending on 
the neutron momentum distribution used) is predicted 
p3[ . Given these uncertainties, no reliable estimate of 
the cross section for this channel was possible. 

There are additional QFC channels, 2n(p,7)t and 
t(p,7)Q;, that could have been observed with finite effi- 
ciency in this experiment but were not [isl . Perhaps the 
most interesting is QFC on the two halo neutrons. In the 
case of ^He, several theoretical models predict the coex- 
istence of two configurations in the g.s. wave function: 
the so-called "di-neutron" and "cigar" configurations [||. 
Here one might expect that the different admixtures of 
these could be probed by the relative strength of the 
n,2n(p,7)d,t QFC processes, whereby the corresponding 
free cross sections at 40 MeV, obtained from detailed 
balance considerations, are comparable: 9.6 /ib Q and 
9.8 /ib pil, respectively. However, events registered in 
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the Chateau in coincidence with tritons in SPEC have 
energies below 10 MeV, whereas the 2n(p,7)t reaction 
should produce photons with « 32 MeV. In addi- 
tion, the flight time (tBap) — {t-y) = 4.7 ± 0.2 ns clearly 
corresponded to neutrons. 
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FIG. 3. Relative energies within the QFC with FSI model 
(see text) of the fragments in the exit channel following cap- 
ture on ^He, the a core and halo neutrons (solid, dashed and 
dotted lines, respectively). The various decay thresholds in 
^Li are indicated by the arrows. 

We have seen that the QFC with fragment FSI model 
describes well the monoenergetic 7-rays observed, as well 
as the momentum distribution of the capture fragment 
{B). The 7-ray lines are associated with specific en- 
ergy distributions for the fragments in the exit channel 
(Fig. depending on the intrinsic momenta of the clus- 
ters. Therefore, such a process will exhibit the same kine- 
matics as capture into continuum states above the corre- 
sponding threshold, ^He(p,7)^Li*^i3-|-a, provided that 
the equivalent region of the continuum (Fig. |^) is popu- 
lated. If, however, all the final states observed here were 
the result of radiative capture into ^Li, capture via the 
non-resonant continuum in ''Li might well be expected to 
occur . This would lead to a continuous component to 
the 7-ray energy spectra. Moreover, events correspond- 
ing to -E^Li* — 0.5-10 MeV have not been observed in 
either t-7 coincidences or a-7 coincidences with = 32- 
42 MeV, nor has the decay into a+t for Er^- > 10 MeV. 
Within the picture of QFC on clusters, this is simply ex- 
plained by the absence of the 2n(p,7)t and t(p,7)a QFC 
processes for the '*He-2n and t-t configurations, 
respectively, indicating that ^He-n-n is the dominant con- 
figuration in ^He. This in agreement with the relatively 
large n-n distance found in Ref. Q. 

In summary, radiative capture of protons on a halo 
nucleus, ^He, has been measured for the first time. In 
addition to the ^He(p,7)^Li reaction, evidence for QFC 
on subsystems (^He, a and n) of ^He has been found. Of 
particular importance is the observation of events which 
correspond to the previously measured a(p,7) reaction, 
as well as the non-observation of capture on a di-neutron. 
Theoretically, microscopic models need to be developed 
in order to describe capture on the constituent clusters 



of exotic nuclei and, for comparison, capture on the pro- 
jectile into unbound final states. In this context, better 
knowledge of the high-lying continuum of ^Li would be 
very helpful. Finally, it would be of interest to study the 
evolution with beam energy of the contribution of QFC 
on clusters. 
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